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Abstract. How and where momentum is transferred from
the solar wind to the magnetosphere and ionosphere is one of
the key problems of space physics. Much of this transfer oc-
curs through direct reconnection on the dayside, particularly
when the IMF is southward. However, momentum transfer
also occurs at higher latitudes via Alfv´ en waves on old open
ﬁeld lines, even for southward IMF. This momentum is trans-
ferred to the ionosphere via ﬁeld-aligned currents (FACs),
and the ﬂow channel associated with these FACs produces
a Hall current which causes magnetic variations at high lat-
itude (the Svalgaard-Mansurov effect). We show examples
where such momentum transfer is observed with multiple
spacecraft and ground-based instruments.
Keywords. Magnetospheric physics (Current systems;
Magnetopause, cusp, and boundary layers; Magnetosphere-
ionosphere interactions)
1 Introduction
Large-scale ﬁeld-aligned currents (FACs) transmit stresses
originating at the magnetopause and its boundary layers
throughout the magnetosphere-ionosphere system. Their ex-
istence was established a long time ago from the magnetic
deﬂections registered by polar-orbiting spacecraft (Zmuda
et al., 1966; Armstrong and Zmuda, 1973). That FACs are
a quasi-permanent feature of the magnetosphere was de-
termined from the extensive statistics using measurements
made by the Triad spacecraft by Iijima and Potemra (1976)
and are subject to variations in intensity related to the IMF
direction (see Cowley, 2000, for a review). These are called
Region 1 (higher latitude) and 2 currents (R1 and R2) and
they form two rings of currents next to each other.
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Using 47 passes of the Dynamics Explorer spacecraft,
Taguchi et al. (1993) established conclusively the presence of
a separate pair of FACs – the cusp/cleft currents – lying pole-
ward of the R1 and R2 currents. Their position and direction
(into or out of the ionosphere) is governed by the polarity
of the IMF east-west component, By. Thus, for IMF By>0
(By<0), they lie on the prenoon (postnoon) side and are such
that the current in the higher latitude component, which we
call hereinafter C1, ﬂows out of (into) the ionosphere, and
that in the lower-latitude component C2 ﬂows into (out of)
the ionosphere. Thus in both cases the current in C2 ﬂows in
the same direction as that in R1 and the current in C1 ﬂows
in the same direction as that in R2. These cusp currents had
beenpredictedontheoreticalgrounds(Leeetal.,1985)based
on considerations of reconnection at a magnetopause when it
is a rotational discontinuity. Taguchi et al. (1993) postulated
steady reconnection as origin for these currents.
Conﬁrmation of most aspects of Taguchi et al.’s scenario
has come from observations over the last decade. In a for-
tuitous triple conjunction between Cluster, FAST, and Sval-
bard, Farrugia et al. (2004a) found Alfv´ enic ﬂow bursts at
Cluster, which they interpreted as signatures of FTEs, em-
bedded in a FAC system observed at FAST at ∼900km al-
titude and mapping to a transient ﬂow channel observed in
the ionosphere with the Søndrestrøm radar. A series of case
studies combining Polar and/or DMSP data with optical data
from Ny ˚ Alesund (Farrugia et al., 2003; Sandholt et al., 2004,
2006; Sandholt and Farrugia, 2007a) linked the FTE-like sig-
natures and precipitating particles to poleward moving auro-
ral forms (PMAFs) associated with this ﬂow channel. These
works demonstrate that momentum transfer is maintained on
previously reconnected ﬁeld lines which are connected to
a dynamo region in the magnetopause boundary layer tail-
ward of the cusp (the high-latitude boundary layer, HBL).
This mechanism suggests an additional source of the mag-
netic ﬁeld deﬂections at high latitude for nonzero IMF By
known as the Svalgaard-Mansurov effect (Svalgaard, 1968;
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Fig. 1. Interplanetary conditions as observed by Wind on 3 De-
cember 1997. The UT reﬂects the estimated 70-min lag from Wind
to the magnetopause. Top to bottom: Solar wind density, velocity,
temperature, and dynamic pressure; total interplanetary magnetic
ﬁeld, its GSM components, clock angle (azimuth in YZGSM plane),
and cone angle (angle from XGSM direction).
Mansurov, 1969). Our observations extend the interpreta-
tion of Taguchi et al. (1993) in that they focus on tempo-
ral variability in these currents and thus relate them to tran-
sient, rather than steady, reconnection. Speciﬁcally, these
events have been linked to ﬂux transfer events (FTEs; Russell
and Elphic, 1978), and they agree with other observations of
FTEs at high latitudes (Thompson et al., 2004). The observa-
tions cover cases with both signs of By, and the pattern has
been consistent: the C1/C2 currents and ﬂow channels oc-
cur prenoon (postnoon) for positive (negative) By (all these
observations are from the Northern Hemisphere).
In this paper we will focus on two examples of this phe-
nomenon: 3 December 1997 and 21 January 2001. In pre-
senting these examples, we follow a long tradition in the ﬁeld
of solar wind-magnetosphere-ionosphere coupling which has
been overlooked in recent years, namely, momentum cou-
pling via the dynamo region in the HBL (Cowley, 1981;
Stern, 1984; Siscoe et al., 1991, 2000; Taguchi et al., 1993).
Fig. 2. Map showing the trajectory of Polar’s magnetic foot-
point relative to observatories around Svalbard. Also shown is
the approximate region where cusp aurora was observed from Ny
˚ Alesund.
We present the data in the next two sections, discuss our in-
terpretation of the data in Sect. 4, and give our concluding
remarks in Sect. 5.
2 3 December 1997
The interplanetary conditions observed by Wind (Lepping et
al., 1995; Ogilvie et al., 1995) during this event, which was
ﬁrst examined by Farrugia et al. (2003), are shown in Fig. 1.
The UTs in the ﬁgure have been modiﬁed to take into ac-
count the estimated 70-min propagation delay between Wind
and the magnetopause. The labels I–IV in the ﬁgure indi-
cate times when, as will be shown below, the Polar spacecraft
passed through various large-scale FACs. The IMF Bz turned
southward at the start of interval I, turned northward again at
a ﬁeld and ﬂow discontinuity during interval II, was slightly
negative during interval III, and became increasingly nega-
tive duringinterval IV. Notethat IMF conditionswere similar
during intervals I and IV. Apart from a brief excursion to near
zero at about 05:00UT (during interval II), By was positive
during this period, and for most of this time By>|Bz|.
Figure 2 shows the geographical background for this
event. The red track is the magnetic footpoint of Polar, which
passed to the east of Svalbard with closest approach near
05:30UT. Asterisks mark the locations of several ground sta-
tions in the vicinity, of which the ground optical site NAL
(Ny ˚ Alesund) is of greatest interest here. The stations and the
Polar spacecraft were all in the prenoon sector, with the main
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Fig. 3. Data from the Polar spacecraft pass through the region of cusp aurora. Top to bottom: invariant latitude; ion and electron energy
spectrograms; integrated energy and number ﬂuxes for electrons (red) and ions (blue).
auroral activity located poleward of Ny ˚ Alesund. Although
opticaldataarenotavailablebefore05:15UT,meridianscan-
ning photometer and all-sky camera data taken during the in-
terval marked IV in Fig. 1 show a series of quasi-periodic
auroral intensiﬁcations at intervals of 7–8min to the north of
Ny ˚ Alesund, in the same latitude range that Polar traversed
during interval I. Since intervals I and IV were under sim-
ilar IMF conditions, it is reasonable to assume that similar
auroral activity was occurring at these latitudes during inter-
val I. The large-scale FACs encountered by Polar are marked
along its trajectory. The identiﬁcations are based on the mea-
sured deﬂections and ﬂuctuations of the magnetic ﬁeld (see
Farrugia et al., 2003, Fig. 3).
Polar particle data (HYDRA; Scudder et al., 1995) for the
interval 04:00–06:00UT are shown in Fig. 3. The large-scale
FAC identiﬁcations are marked in the top panel. Several
bursts of low energy particles (∼300eV ions and ∼100eV
electrons) are visible in the time period corresponding to in-
terval I of Fig. 1. These signatures are consistent with FTEs
originating at a reconnection line tilted with respect to the
geomagnetic equator, as appropriate for a signiﬁcant IMF
By. As will be explained below, we infer the existence of
an upward FAC in this region. Comparison with later inter-
vals leads us to identify this region as the C1 current. As
Polar moved equatorward into a region of downward FAC
whichweidentifyastheC2current, thesetemporallyvarying
structures ceased; however, since the IMF Bz turned positive
around this time we cannot determine whether the change is
due to the change in current or the change in IMF. We dis-
tinguish C2 from R1, which has the same sign, by (1) the
convection reversal separating them and (2) the appearance
of plasma sheet particles in the R1 current. The directions of
the four current sheets agree with the results of Taguchi et al.
(1993).
In Fig. 4 we show an expanded view of Polar magnetic
ﬁeld (Russell et al., 1995) and plasma moments from the in-
terval marked I in Fig. 1, during which Polar was in the C1
FAC. The trend in the observed By (second panel) reveals the
presence of an upward FAC. Here we see several transient
bursts in the ion bulk velocity, each of which is accompa-
nied by a negative deﬂection in vz, a reduction in the mag-
netic ﬁeld magnitude, and a positive deﬂection in Bz. The
magnetic ﬁeld ﬂuctuations are due to transient diamagnetic
currents transverse to B. The vertical dash-dot lines pass-
ing through local maxima in the density mark several exam-
ples in the ﬁgure. The ﬂow bursts at Polar (04:10–04:50UT;
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Polar/MFE/HYDRA      December 3, 1997 (GSM)
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Fig. 4. Expanded view of Polar magnetic ﬁeld and plasma moments
from the interval marked I in Fig. 1. Top to bottom: Magnetic ﬁeld
components; magnetic ﬁeld magnitude (IGRF model subtracted);
proton density, bulk speed, temperature, and velocity components.
Vertical dash-dot lines indicate ﬂow bursts which are consistent
with FTE signatures.
∼79◦ magnetic latitude, MLAT) occurred at a time when
a series of poleward propagating magnetic impulse events
(MIEs) was observed in the same MLT sector by the IMAGE
Svalbard magnetometer chain (71–76◦). The poleward prop-
agation of the IMAGE disturbances (MIEs) corresponds to
the poleward propagation of the convection channel and Hall
current associated with ionospheric current closure of FACs
in newly-reconnected ﬂux tubes as envisaged, for example,
by Southwood (1987). The ions in these ﬂow bursts are of
typical magnetosheath energies (a few hundred eV) and were
accompanied by ﬁeld-aligned electrons (not shown). The
positive vz background ﬂow on which these ﬂow bursts are
superimposedischaracteristicofmirroringionsinthemantle
(Rosenbauer et al., 1975), while the ﬂow bursts themselves
have negative vz, consistent with injections at high latitude
on old open ﬁeld lines (reconnected in the past) in the man-
tle. The temperature and density proﬁles suggest two compo-
nents with different injection latitudes: a warmer, less dense
component injected behind the cusp, followed by a cooler,
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Fig. 5. Schematic of the Polar footpoint track in the context of au-
rora and plasma convection in MLT/MLAT coordinates during the
interval 05:40–09:30UT on 3 December 1997. Approximate ﬁelds
of view (assuming a typical 250km altitude for the 630.0nm emis-
sions) of the MSP at Ny ˚ Alesund are indicated by double-arrowed
meridional lines for the times 05:40UT, 07:50UT, and 09:20UT;
circles mark the all sky camera ﬁelds of view for the same times.
Auroral motions are indicated by arrows attached to the respective
forms. Plasma convection streamlines are marked red. The shaded
sector marks the plasma convection channel associated with the C1-
C2 ﬁeld-aligned currents.
denser component injected closer to the central cusp (Smith,
1994). Thus the ﬂow bursts have some of the characteris-
tics of ﬂux transfer events (FTEs) (Russell and Elphic, 1978).
These observations suggest that time variations in the recon-
nection rate may be important in the C1 current region.
Figure 5 is a schematic overview of the observations. Cir-
cles and double-headed arrows show the ﬁelds of view in
MLT-MLAT of the all-sky camera and meridian scanning
photometer, respectively, at 05:40, 07:50, and 09:20UT (a
source altitude of 250km for the 630nm emissions is as-
sumed). The discrete auroral forms moved as indicated by
the black arrows, while the background plasma ﬂow pattern
derived from SuperDARN radars followed the red arrowed
lines. A ﬁner structure of poleward propagating plasma con-
vection events superimposed on this average pattern can be
derived from ground magnetometers in the Svalbard IMAGE
chain. As mentioned above, a series of such events was ob-
served at IMAGE in the interval 04:10–04:50UT, similar to
that described for By>0/prenoon conditions in Fig. 12 of
Øieroset et al. (1997). Note the different evolution of PMAFs
in the prenoon and postnoon sectors, a point on which we
will elaborate further in Sect. 4. The track of Polar’s iono-
spheric footpoint is shown in blue. The C1 and C2 FACs
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SOHO/CELIAS-ACE/MAG        January 21, 2001         (GSM)
13 14 15 16 17 0
5
10
15
20
n
 
(
c
m
-
3
)
13 14 15 16 17300
320
340
v
 
(
k
m
/
s
)
13 14 15 16 17 0
2•10
4
4•104
T
 
(
K
)
 
13 14 15 16 17 0
1
2
3
4
P
D
 
(
n
P
a
)
 
13 14 15 16 17 5
10
15
B
 
(
n
T
)
13 14 15 16 17-10
0
10
B
x
 
(
n
T
)
13 14 15 16 17 -15
-5
5
B
y
 
(
n
T
)
13 14 15 16 17 UT -20
-10
0
B
z
 
(
n
T
)
13 14 15 16 17
UT
180
120
60
C
l
o
c
k
 
A
n
g
 
(
°
)
0
Fig. 6. Solar wind from SOHO/CELIAS and IMF from ACE on 21
January 2001. The time refers to the ACE spacecraft and does not
includeadelayof75min(conﬁrmedbyobservationsasdiscussedin
the text). Top to bottom: Solar wind density, velocity, temperature,
and dynamic pressure; total magnetic ﬁeld, its GSM components,
and clock angle.
were in the shaded region near 80◦ MLAT; they occur only
in the prenoon sector. The region marked MABS in the ﬁg-
ure is an MLT band near local noon with attenuated emission
intensity.
3 21 January 2001
During the second event, which was ﬁrst examined by Far-
rugia et al. (2004a), the IMF was much more steady with
By<0, Bz<0, and By∼Bz, as can be seen in the interplan-
etary data shown in Fig. 6. This is the opposite By polarity
to the ﬁrst event. Here the time shown is at ACE, where the
magnetometermeasurements(Smithetal.,1998)weremade.
We show plasma data from SOHO/CELIAS (Hovestadt et
al., 1995), shifted to ACE times, because the corresponding
ACE plasma data are considered unreliable during this inter-
val. Estimated lag time from ACE to the magnetopause is
75min; we can conﬁrm this timing thanks to the abrupt drop
in solar wind density, and therefore dynamic pressure, at the
time (∼14:28UT) marked with the vertical dashed line.
Figure 7 shows the footpoints (magnetically mapped to
100km via the Tsyganenko, 1989, model) of the Cluster
T89 Kp=3
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Fig. 7. Ionospheric footpoints of FAST (red) and Cluster (blue)
relative to Søndrestrøm.
(blue) and FAST (red) spacecraft. A magnetic conjunction
occurs where the trajectories cross at about 15:45UT, which
isnearthetimewhenthedynamicpressuredroparrivesatthe
magnetopause. The conjunction maps to near the location
of the Søndrestrøm radar (green dot). At the time of con-
junction Søndrestrøm was at about 13:00MLT at the open-
closed ﬁeld line boundary (Farrugia et al., 2004a). The radar
at Søndrestrøm observed a transient ﬂow channel around the
time of conjunction, with strong ∼2km/s antisunward ﬂow
just poleward of the convection reversal (see Farrugia et al.,
2004a, Fig. 13). Since the IMF By is negative here, in con-
trast to the 3 December 1997 event, the C1/C2 currents and
associated ﬂow channels should be postnoon, which is where
the observations took place.
InFig.8weshowparticlespectrogramsfromFASTduring
the conjunction. FAST was moving equatorward through the
cusp at about 900km altitude. A key feature is the stepped
cusp ion dispersion (third panel) located poleward of the
open-closed ﬁeld line boundary. The existence of multiple
steps in the ion velocity dispersion is frequently taken as
evidence of impulsive reconnection along the dayside mag-
netopause (e.g. Lockwood and Smith, 1992), although it is
sometimes interpreted as evidence of multiple reconnection
sites (e.g. Trattner et al., 1999). Stepped cusp ion precipita-
tion is also associated with PMAFs (Farrugia et al., 1998).
As we will show below, there is signiﬁcant evidence of time-
varying reconnection during this event.
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Fig. 8. Spectrograms of particle data from the FAST spacecraft as
it passes through the cusp. Top to bottom: electron energy, electron
pitch angle, ion energy, and ion pitch angle.
Among the signatures of time-varying reconnection we
see is repeated poleward moving ﬂow bursts in beams 5–7 of
the Stokkseyri SuperDARN radar (Fig. 9), which looks to-
ward Greenland. The earliest such ﬂows begin around 14:40,
but they become particularly intense at about 15:35. Previ-
ously reported observations have demonstrated an associa-
tion between these poleward moving radar auroral forms and
FTEs (Wild et al., 2001, and references therein).
Figure 10 shows an overview of the data from Cluster 1
from 13:00 to 18:00. Cluster made several excursions into
the cusp between 14:00 and 15:00, as can be seen from the
diamagnetic features in |B|. Once the dynamic pressure de-
crease hit the magnetopause around 15:35 (as can be seen
from the sudden density drop at Cluster), Cluster entered a
highly dynamic region with large amplitude ﬂuctuations in
both B and the ion ﬂow velocity v, the latter reaching a sub-
stantial fraction of the solar wind speed (320kms−1). At this
time Cluster was poleward of the cusp: the background ﬁeld
had Bx>0 and Bz<0.
To see these ﬂuctuations better, we expand the interval be-
tween the vertical dashed lines in Fig. 11. At this scale it
is clear that the ﬂuctuations in B and v are correlated, com-
ponent by component. Eight examples of these ﬂow bursts,
which are consistent with FTEs, are shown in the ﬁgure, the
ﬁrst coinciding with the arrival of the dynamic pressure de-
creaseatthemagnetopause. EachcomponentofB andv sep-
arately satisﬁes the Wal´ en relation (Sonnerup et al., 1981),
demonstrating that these ﬂow bursts are Alfv´ enic. Finally, in
the bottom panel of Fig. 11 we show the east-west magnetic
ﬁeld (IGRF subtracted) as observed by FAST during the in-
terval 15:43–15:46. From the FAST magnetometer data we
infer the existence of two FAC systems: the C1/C2 system in
which the ﬂow bursts are embedded, and the R1/R2 system
located equatorward of the C1/C2 system, with R1 and C2
having the same sign. The C1 current ﬂows into the iono-
sphere, as indicated by the sign of the magnetic deﬂection.
During its traversal of C1, FAST observed mantle precipita-
tion, as expected for the location of Cluster 1 (Rosenbauer
et al., 1975); thus these ﬂux tubes have been opened at some
point in the past, i.e. they are old open ﬂux tubes. We in-
fer that the FAC due to these FTEs is driving the intermit-
tent ﬂows we observe in the radar data, and therefore infer
that the high-latitude boundary layer (HBL) acts as a dynamo
(j·E<0). This mode of momentum transfer from magneto-
sphere to ionosphere is not due to the j×B force.
4 Discussion
The two events we have shown here, as well as several
other case studies (Provan et al., 2002; Sandholt et al., 2004,
2006; Sandholt and Farrugia, 2007a), build evidence for the
proposition that momentum transfer from the solar wind to
the ionosphere is not restricted to newly reconnected ﬂux
tubes, but also continues on previously reconnected ﬂux
tubes downstream of the cusp. Field line stresses and FTEs
give rise to an FAC system, whose location relative to noon
depends on the IMF By, poleward of the auroral Birkeland
currents (Taguchi et al., 1993). These FACs couple to a ﬂow
channel poleward of the convection reversal boundary. The-
oretical models of ionospheric convection under strong By
have hitherto not taken into account this ﬂow channel and its
associated electrodynamics. This ﬂow channel cannot have
been driven by the j×B force on newly opened ﬁeld lines;
instead it is connected to the boundary layer dynamo region
threaded by old open ﬁeld lines tailward of the cusp. Any
model of solar wind-magnetosphere-ionosphere momentum
transfer which depends exclusively on the j×B force on
newly opened ﬁeld lines is therefore incomplete.
Our work conﬁrms and extends the work of Thompson
et al. (2004), who noted a speciﬁc magnetic ﬁeld signature
in Cluster data, namely a reversal in Bz, when Cluster was
downstream of the cusp. They suggested that these Bz re-
versals, which result from currents transverse to the ﬁeld, are
signatures of high-latitude FTEs. The conﬁned current sys-
tem they propose is likely to connect with temporally varying
C1/C2 currents such as we have discussed here.
Figure 12 shows a schematic of the coupling between the
HBLandtheionosphere. AdynamointheHBLdrivesaFAC
pair C1/C2 located poleward of the R1 current; for By>0
(<0) the currents are prenoon (postnoon). The closure of
these currents drives a ﬂow channel in the ionosphere, which
is marked with red arrows in the ﬁgure. This ﬂow channel
is distinct from the ﬂow channel marked with black arrows,
which is driven by magnetic stresses on newly opened ﬁeld
lines.
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Fig. 9. Line-of-sight velocities measured in several beams of the Stokkseyri SuperDARN radar which point in the general direction of
Søndrestrøm.
These observations hold important implications for ex-
tending the explanation of the Svalgaard-Mansurov effect
(Svalgaard, 1968; Mansurov, 1969). The canonical expla-
nation is that the asymmetric Maxwell stress force due to By
induces asymmetries in the ionospheric ﬂow pattern on the
dayside. However, it is well known (e.g. Weimer, 2001) that
the asymmetry persists at least as far tailward as the termi-
nator. A single Alfv´ en wave cannot account for the rotation
of the magnetic ﬁeld from the magnetosheath orientation to
the orientation found both equatorward and poleward of the
cusp, as the latter two orientations are quite different. It has
long been hypothesized that a distinct Alfv´ en wave forms on
the downstream side of the cusp (Vasyli¯ unas, 1995), and our
observations provide support for this scenario.
The additional asymmetry due to the C1/C2 FAC sys-
tem may also account for differences in the propagation
of prenoon and postnoon PMAFs (Sandholt and Farrugia,
2007a). These authors found that while prenoon PMAFs
have a three-phase development pattern over a wide latitude
range, postnoon PMAFs fade after an initial intensiﬁcation
and the third phase of development is not observed. Thus the
dawn-dusk asymmetry of PMAFs, which manifests itself as
speciﬁc high-latitude phase which is found only prenoon for
By>0 conditions, is closely related to the convection asym-
metry resulting from the additional convection channel in the
same sector (Sandholt and Farrugia, 2007b).
The ﬂow channels we report here are distinct from the re-
versed ﬂow events (RFEs) which have recently been reported
in radar observations from Svalbard (Oksavik et al., 2004;
Rinneetal.,2007). Thereareseveralsimilaritiesbetweenour
events and RFEs, among them associations with FTEs and
PMAFs and the presence of a transient ﬂow channel. How-
ever, unlike our ﬂow channels, the RFEs seem to have no
correlation between MLT of occurrence and the sign of the
IMF By, nor are they limited to periods with Bz<0. RFEs
appear to be a manifestation of momentum transfer on newly
reconnected ﬁeld lines, whereas the events we describe here
show that momentum transfer occurs on old open ﬁeld lines.
To summarize, our contribution to the major theme of the
paper, namely momentum coupling via the dynamo region
in the high-latitude boundary layer (see Introduction) is as
follows. Using coordinated satellite-ground observations, we
documented the following elements of M-I coupling along
old open ﬁeld lines:
– In satellite data, we showed the presence of a speciﬁc
FAC system (the C1-C2 currents) poleward of the R1
current in the prenoon (postnoon) sector for IMF By
positive (negative) conditions. This is identiﬁed as the
HCC-LCC FACs of Taguchi et al. (1993). These cur-
rents were associated with (a) “stepped (staircase) cusp”
ion precipitation: the mantle precipitation regime (Polar
observations at low altitudes: 2RE, discussed in Farru-
gia et al., 2004b); and (b) FTE-type, repetitive plasma
injections in the C1 current regime (Polar observations
at mid-magnetospheric altitudes: 7RE).
– In ground-based data, we showed
1. Radar observations of speciﬁc ﬂow channel (en-
hanced antisunward ﬂow poleward of the convec-
tion reversal) in the prenoon (postnoon) sector for
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Fig. 10. Data from the Cluster traversal through the cusp. Top
to bottom: Magnetic ﬁeld components and magnitude; ion density,
temperature, velocity components, and magnitude. The interval be-
tween vertical dashed lines is expanded in Fig. 10.
IMF By positive (negative) conditions. This ﬂow
channel is the E×B drift associated with the Ped-
ersen current closure of the C1-C2 FACs.
2. Relationship with poleward propagating “magnetic
impulse events” appearing at lower latitudes (newly
open ﬁeld lines) and ending at latitudes threaded by
old open ﬁeld lines and mantle precipitation. The
latter component is due to the Hall current associ-
ated with the above mentioned ﬂow channel sand-
wiched between the C1/C2 currents. This ground
magnetic deﬂection contributes to the Svalgaard-
Mansurov effect.
3. Relationship with the aurora in the form of
the highest-latitude stage of poleward mov-
ing auroral forms (PMAFs) appearing in the
prenoon (PMAFs/prenoon/By>0) and postnoon
(PMAFs/postnoon/By<0) sectors.
Fig. 11. Top: Expanded view of Cluster data showing density
and components and magnitude of ion velocity and magnetic ﬁeld.
Eight ﬂow bursts are marked in the ﬁgure. Bottom: Cross-track
magnetic ﬁeld (IGRF model subtracted) observed at FAST. The
ﬂow bursts are embedded in the FAC pair labeled C1/C2 in the bot-
tom panel.
5 Conclusions
Using magnetic conjunctions, we have investigated the im-
plications for M-I coupling of temporal variability in the
cusp/cleft (C1/C2) current system. We have shown two ex-
amples of a phenomenon wherein momentum transfer from
the solar wind to the magnetosphere-ionosphere system is
maintained on ﬁeld lines that have reconnected some time
(∼10–15min) previously. When the IMF |By|>|Bz|, one of
the asymmetries induced in the magnetosphere is a pair of
ﬁeld-aligned currents, located poleward of the Region 1 cur-
rents, on one side of local noon; which side depends on the
sign of By (Taguchi et al., 1993). Within the C1/C2 FAC
pair we see many examples of Alfv´ enic ﬂow bursts, which
are consistent with signatures of FTEs; thus we extend the
scenario of Taguchi et al. (1993) to time-varying reconnec-
tion and conﬁrm the high-latitude FTE picture proposed by
Thompson et al. (2004). The C1/C2 FACs are coupled to
ﬂow channels in the ionosphere (Farrugia et al., 2004a). The
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Fig. 12. Schematic of the IMF By-dependent FAC system located
poleward of the R1 current. The red arrow marks plasma convection
channels associated with the closure of the C1/C2 current system.
Locations of Polar during the ﬁrst example and Cluster and FAST
during the second example are indicated.
ﬂow channels, in turn, are coupled to PMAFs observed in the
dayside high-latitude region (Farrugia et al., 2003; Oksavik
etal.,2004). Bythismechanism, momentumtransferintothe
high-latitude ionosphere is maintained at levels signiﬁcant to
the dynamics of this region.
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